The Port Stephens Koala Phascolarctos cinereus population has been regarded as one of the strongholds for Koalas in NSW. This study applied population viability analysis to investigate the impact of fire and predation by dogs on its viability. The rapid decline of the modelled Koala population under basic assumptions throws the assumed security of such large populations into question. In all the modelled management scenarios, reducing mortality had more influence than any other factor. Reducing the severity and frequency of large catastrophic fires improved the probability of survival for the population, though the modelled population size still declined sharply. Any management action to improve Koala survival must be accompanied by a reduction in mortality from dog attacks. Fires and dogs will have an ever-greater impact on Koala populations as coastal forests become more fragmented and isolated by urban development, and their combined control will be needed to complement land use planning measures to address habitat loss and fragmentation. Running title: Impact of fire and dogs on Koalas.
INTRODUCTION
In the summer of 1993-1994, fires burnt extensive portions of the north coast of New South Wales (NSW), including half of a large forest fragment at Port Stephens. Many Koalas Phascolarctos cinereus were killed or injured by the fire, which prompted us to initiate a radiotracking study of the population, with the aim of examining the impact of the fire on the Koala population. It extended the scope of our recentlycompleted studies of defining and mapping Koala habitat in Port Stephens Shire ; using historical information to reconstruct Koala habitat at first European settlement in 1801 (Knott et al. 1998) ; determining the threats to the local Koala population using community knowledge (Lunney et al. 2001) ; and preparing a plan of management for the shire (Callaghan et al. 1994; Port Stephens Council 2002) . Consequently, extensive demographic information was obtained on which to conduct population analyses. The aim of the study presented here was to distinguish between the relative effects of altered fire regimes and predation by dogs on the dynamics of this population of Koalas in a coastal forest that has been fragmented by rural and urban development.
Koala populations across Australia vary markedly in their conservation status, from secure in some areas, to vulnerable or extinct in others, to overpopulation in a number of southern populations (e.g., ANZECC 1998). This has led to a range of contrasting management responses in different regions. In NSW, where the Koala is listed as a Vulnerable species under the Threatened Species Conservation Act 1995, a draft statewide recovery plan has been circulated (NPWS 2003) and local plans of management have been implemented to halt declining populations (e.g., Lunney et al. 1999; Port Stephens Council 2002) . Melzer et al. (2000) recommended that studies on regional variation in the Koala be intensified and that Koala ecology in fragmented and naturally restricted habitats be developed. Habitat loss has been identified as the key cause of the decline of Koalas in NSW ) and habitat availability is a fundamental factor affecting both declining and expanding Koala populations (ANZECC 1998) , but a more detailed understanding of the factors affecting Koala population dynamics is essential for management.
Modelling of a local population can assist in achieving this objective. In this study, we use population viability analysis (PVA) to examine factors influencing the survival of the Port Stephens Koala population and to compare the response of the population to alternative fire regimes and dog control strategies. While PVA is unable to accurately predict population dynamics and absolute extinction risks (Ludwig 1996; Fieberg and Ellner 2000; Coulson et al. 2001) , it is useful for making relative inferences about alternative management scenarios (Lindenmayer and Possingham 1996; Beissinger and Westphal 1998; Possingham et al. 2002; McCarthy et al. 2003) , which were among the reasons for undertaking this study.
The impact of fire on wildlife becomes increasingly important as populations become fragmented. Predation pressures are considered to increase in a post-fire environment (Whelan et al. 2002) , and predation is facilitated even more in a highly fragmented, anthropogenic landscape (Laurance and Cochrane 2001) . Dogs emerged as the highest-ranked perceived threat to Koalas in Port Stephens in a major community survey in 1992, with 95 per cent of the households naming dogs as a cause of the decline of the local population (Lunney et al. 2001) . The three-year radiotracking program of Koalas in Port Stephens (1994-97) revealed high mortality in the population from dog predation . Consequently, we examined the impact of different fire management options on the Koala population in tandem with various management actions for reducing death by dogs.
METHODS

Study area
Port Stephens is located on the coast of NSW, about 150 km north of Sydney. The north coast was identified as the stronghold for Koalas in the state and Port Stephens as a key local area . The study population of Koalas occurs within a 7 000 ha area of the Tomago Sandbeds in the Port Stephens local government area and is bounded by Grahamstown Lake to the north, Fullerton Cove to the south, Siddons Swamp to the west and Majors Flat to the east (32 0 35'S to 32 0 50'S and 151 0 30'E to 152 0 30'E). Koala habitat, identified by Lunney et al. (1998) , covers about 4 000 ha of this area. A further 2 000 ha is mainly cleared land with scattered trees and the remaining land is covered by vegetation types not used by Koalas. This fragment had survived clearing because it forms the catchment of the town reservoir but it has, none the less, been modified by management roads, an airforce base and sand mining (Fox et al. 1996) . The surrounding lands continue to be transformed from forest or farms to housing estates and the adjacent roads carry heavy traffic, which is a well-known threat to Koalas (ANZECC 1998; Dique et al. 2003a) , and to the local population in particular (Callaghan et al. 1994; Lunney et al. 2001; Port Stephens Council 2002) .
Both wildfire and hazard reduction burns (i.e., low-intensity prescribed fires to reduce fuel load) have occurred throughout the study area. A network of roads and powerline easements form a boundary for many of the fires and have helped to create a habitat mosaic of different fire frequencies and intensities (Fox et al. 1996) . Six fires occurred in the study area from 1994-2003 and show a wide range of area burnt (Table 1) .
PVA Package
VORTEX (version 8.21 ) was used to model Koala population survival, particularly the impact of two key mortality factors: fire and dog-related deaths. VORTEX is a PVA software package that models the impact of deterministic forces, such as habitat clearing, and stochastic events, such as demographic stochasticity, climatic variation and bushfire on wildlife population dynamics (Lacy 1993; Miller and Lacy 1999) . The software is an individual-based model, which is particularly useful for modelling small populations (Lacy 1993 (Lacy , 2000 . It is therefore well suited to modelling the restricted Port Stephens Koala population. This package has been successfully applied to the Iluka Koala population (Lunney et al. 2002) and in a number of other studies (e.g., Lindenmayer et al. 1993; Hoyle et al. 1998; Penn et al. 2000) .
The VORTEX output used, as indicators of population viability, were mean and standard deviation of population growth rate (r), probability of population survival and standard error, and mean and standard deviation of population size for all replications.
Basic Assumptions
The parameter assumptions applied to the basic scenario model (Table 2) were carefully considered in recognition of the need for quality data to produce relevant modelling (Brook et al. 2000; Coulson et al. 2001) . Data on mortality and fertility of the population were obtained from our three-year radiotracking study following the 1994 fires ). It was difficult to determine appropriate assumptions, specific to this population, for some other factors, so the remaining demographic assumptions were based on those in an extensive analysis of a comparable, healthy Koala population at Springsure, Queensland (Penn et al. 2000) . Changes were made to reflect the conditions experienced by the Port Stephens Koala population, as outlined below.
Mortality rates were based on recorded mortality from radiotracked Koalas (n=50) at Port Stephens. Annual mortality rates were derived from Kaplan-Meier survival estimates calculated over the three years, as detailed in . The mortality rates presented here were calculated using data from burnt and unburnt Koalas , as well as a group of Koalas rehabilitated from injuries other than fire. Mean mortality rates were calculated for adults by sex (females n=20, males n=17) and for juveniles (n=13) irrespective of sex. Greater detail was not possible for juveniles because of the limited sample size. Observed mortality at Port Stephens was higher than that recorded at Springsure (Penn et al. 2000) .
The assumed female fertility rate was based on births observed in the radiotracking data (birth of 24 offspring over three years), which was similar to that at Springsure (Penn et al. 2000) .
Catastrophes were modelled to represent the effect of fire on the Koala population. The severity of fire on survival was determined from post-fire rescue searches conducted after three fires in the 1994 period (September 1994 , February 1997 and March 1998 . These rescue searches were coordinated by the local wildlife care organization, the Native Animal Trust Fund (NATF) (for photos, see . Each search involved a number of people walking through predetermined sections of the burnt bush for a number of hours. The wildlife carers observed a large (unquantified) number of dead animals and few unburnt animals during their extensive post-fire searches (approximately 600 person days of effort following the January 1994 fire).
Two catastrophes were modelled to represent the two different fire regimes observed in the study area. The risk of a moderate to severe fire was estimated as a 1 in 10 year probability, based on the fire history records of the study area over the last 30 years (Fox et al. 1996 Table 1 ). A 50% reduction in reproduction and survival was assumed in the year following the catastrophe. This was based on the impact of the January 1994 fire, which burnt half of the Koala habitat in the study area and was considered to have killed all Koalas in the path of the fire. The risk of a minor fire was estimated as a 1 in 3 year probability (Hunter Water Corporation 2001; Brendon Harrod, Hunter Water Corporation, pers. comm. 2003 ; Table 1) , with a 5% impact on survival and reproduction.
The starting population was assumed to be 800 individuals. This figure was the upper limit of the estimated number of Koalas in the study area (range 350 to 800). These estimates were based on extrapolations to the entire study area from the Koala density in each habitat calculated from the counts in the intense searches carried out to rescue live Koalas, and record dead Koalas, affected by the three fires in the 1994-98 period. These three post-fire Koala counts provided an opportunity to determine a reasonable estimate of density across the study area because the fires affected most of the major vegetation types. Where estimates varied within the same vegetation types being sampled in different fires, an average was taken. Where a habitat, i.e., a vegetation association, was not affected by fire, an estimated density of 0.75 Koalas/ha was applied if preferred Koala habitat trees were dominant in the tree layer (specifically Eucalyptus robusta and E. parramattensis, Phillips et al. 2000) .
The population was assumed to form a stable age population, as determined by VORTEX.
Carrying capacity was modelled on an assumed maximum of 2 500 individuals, based on an estimate of the maximum number of Koalas each habitat association would be able to support in the study area. Densities of 2 Koalas/ha for forest habitats containing known preferred Koala habitat trees, and 1 Koala/ha for woodland associations containing known preferred Koala habitat trees, were applied. The maximum Koala density observed during the rescue of live Koalas, and the records of dead Koalas, were applied for the remaining habitats.
A nil net migration was assumed. Immigration into the study area was likely to have been small because patches of Koala habitat have been fragmented and reduced in size and quality in surrounding areas due to increasing urbanisation (Tilligerry Peninsula to the east, Medowie and Karuah/Ferodale to the north, Raymond Terrace to the west and Fullerton Cove/Stockton Bight to the south) (Knott et al. 1998; Lunney et al. 1998; Port Stephens Council 2002) . Similarly, emigration was likely to have been small because the resident population was well under carrying capacity. None of the adult, radio-tracked Koalas emigrated from the study site and the dispersal distance of juveniles was likely to be small enough to be contained within the study area (e.g., Dique et al. 2003b) . The study population was probably a source for the regional population, but due to the uncertainty of the degree of migration, emigration and immigration was considered to be equal.
There was assumed to be no density dependence on reproduction. It was conservatively assumed there was no inbreeding depression in the Koala population. Environmental variation of survival and reproduction were assumed to be concordant.
Minimum and maximum breeding ages were based on general Koala biology (Lee et al. 1990; Martin and Handasyde 1999) . The sex ratio at birth was based on the Springsure data, because such data were unavailable for the Port Stephens population.
The population was modelled to a maximum 50 years, rather than a longer period, to limit the increasing uncertainty associated with long-term estimation (Beissinger and Westphal 1998; Ellner et al. 2002) . Each simulation was repeated for 1 000 iterations, assuming that none of the factors would alter over the period of the simulation.
Model Validation
Validation of the model is an important step in the PVA process (Beissinger and Westphal 1998) . Although independent census data were not available to effectively validate this model, the general model and similar basic assumptions were previously validated for a PVA on a Koala population at Iluka, NSW (Lunney et al. 2002) . Assumptions in this study vary from that model only in line with observed differences in mortality, fertility and catastrophes.
Sensitivity Analysis
An important component of PVA, sensitivity analysis, is used to examine model sensitivity and the potential impact of uncertainty in parameter assumptions (Burgman et al. 1993; Reed et al. 2002) . This model was examined for sensitivity to variation in mortality, fertility, migration, fire catastrophe, starting population and carrying capacity. To identify those assumptions to which the model is particularly sensitive, and those which are less influential (McCarthy et al. 1995 (McCarthy et al. , 1996 , a small constant variation of 10% in each of mortality, fertility and fire was modelled. Migration effects were examined by addition to, or loss from, the population of a single adult male Koala per annum. To further assess the impact of model parameter uncertainty, and the impact that errors in assumptions could cause, plausible extreme values of each parameter were modelled (Table 3) . This was considered particularly important for migration, where the basic assumption was no net migration.
Management Scenarios
Four sets of management scenarios were modelled and compared to the base assumptions:
Scenario 1: reduced dog-related mortality Dog predation, resulting in Koala deaths, was a particular problem for the Port Stephens Koala population . Of the 50 Koalas radiotracked, 17 were alive at the end of the study, 23 had died and 10 were missing or had slipped their radio-collars. Dog attacks were identified as the cause of 10 Koala deaths (43% of observed mortality). For this scenario, a 50% and 100% reduction in dog-related mortality was examined.
Scenario 2a: reduced large fire frequency and severity
The effect of reducing large fires was examined over a range of fire frequencies, and severity of impacts on the population. As an extreme comparison, total exclusion of fire was also modelled.
Scenario 2b: reduced frequency of large and severe fires accompanied by an increase in small (prescribed) fires. More realistic fire regimes were examined in the form of frequent, small patch (prescribed) burns combined with an assumed reduced frequency of larger (unplanned) catastrophic fires.
Scenario 3: supplementation
The level of supplementation that would be required to maintain the current population, and to increase the population to carrying capacity, was investigated by the addition of female and male Koalas.
Scenario 4: combinations of these options
Mortality due to dog attack was identified as a key factor affecting the survival of the population. Further scenarios combined a reduced rate of dog-related deaths with other options, including a range of different fire regimes. To allow a ranking of management options, and provide an indication of possible outcomes of real management changes, combinations of plausible and extreme management options were modelled and compared. To investigate how fires affect a population that is experiencing natural variation via migration, the addition (immigration) and loss (emigration) of one female and one male animal per year were modelled. Options were also modelled using a low starting population (n=350) to allow for this possibility in practice.
RESULTS
Sensitivity analysis
After a small change (10%) in assumed rates, mortality and migration were the only assumptions to have a significant effect on the output variables (Table 3a) . This indicates that these are the variables to which the modelled population is most sensitive. The model was sensitive to plausible extremes, which lead to population gains -decreased mortality, increased fertility, immigration into the population and reduced fire catastrophe. However, mortality was the key factor impacting on the size of the population; other variables led only to small, if any, long-term population gains (Table 3b ). The low probabilities of survival at most extremes identified that significant changes to the management of the area will be required to arrest the decline of the Koala population.
Management Scenarios
The effects of altering the assumptions to reflect possible management options, as outlined in the following scenarios, are shown in Table 4 .
Scenario 1: Reduced dog-related mortality
The modelled effect of decreasing deaths due to dogs on the probability of population survival is large under both options (Fig 1a) . However, population size declines swiftly, even with a halving in the dog-related death rate (Fig 1b) . Management of dog-related deaths was therefore identified as the key issue for population survival.
Scenario 2a: Reduced fire frequency and severity
Modelling showed that reducing the severity and, to a lesser extent, the frequency of large catastrophic fires, improves the probability of survival for the population (Table  4 and Fig 2a) , although population size still declines dramatically (Figure 2b) , even under unrealistically low fire conditions.
Scenario 2b: Reduced fire frequency and severity and increased small fire frequency.
Decreased frequency of large catastrophic fires, accompanied by increased frequency of small fires, had little remedial effect on the probability of survival or population size (Table 4 , Figures 2c and 2d) . Even halving the severity of large fires had no more than a delaying effect on the probability of the population not surviving. It identifies that the high frequency of small fires, a commonly used means of reducing large catastrophic fires, reduces any advantages for the Koala population that may have been gained by reducing the impact of large, infrequent fires.
Scenario 3: Supplementation
Supplements to the population did remove the likelihood of extinction, because the regular addition of Koalas meant that the proportion of populations extant was a constant 100% at all levels of supplementation. However, there was no plausible supplementation level that would maintain current population levels (Table 4, Figure  3 ). This warns that, while supplementation may delay the decline of the population, it is unlikely to prevent a population decline toward extinction over the long term.
Scenario 4: Combined management options
The impact of basic, fire catastrophe assumptions on a population experiencing natural migration was found to differ little from that of an enclosed population (Tables 3a and 3b ). Combining reduced, dog-related deaths with a supplemented population effectively doubled the rate of supplement to the population, yet that was still insufficient to maintain the population at existing levels (Table 4) . A low starting population did not alter final outcomes (it slightly reduced the proportion of extant populations and mean final population sizes), but it shortened the time to extinction (Table 4) . Removing all dog-related mortality, and all fire, resulted in an increase in population size, such that the population rapidly reached carrying capacity. This was the only scenario to show both a positive population growth and a zero chance of extinction (Figures 4a and 4b) . Further, halving dog-related mortality led to a dramatic improvement in survival in combination with reduced risk of fire (Figures 4c  and 4d ). Management options ranked according to improvements in outcomes are shown in Table 4 .
DISCUSSION
The most striking outcome of these analyses was the rapid decline of the Koala population modelled under the basic assumptions. The Port Stephens Koala population had been regarded as one of the strongholds for Koalas in NSW , so its potential decline is a warning for managers. While small local population extinctions have occurred (e.g., Smith and Smith 1990; Lunney et al. 2002) , and have contributed to the species becoming listed as threatened in the state (Lunney et al. 1996) , the status of larger populations has not been apparent. Pulliam (1988) has shown how large populations can be affected by impacts over a relatively small area if that area is a source for the population. The results from this study now throw the assumed security of large Koala populations into question. If the worst-case scenarios identified in this study have general applicability, then it can be predicted that there will be widespread collapse of all Koala populations throughout coastal NSW. The conclusions from population studies at a landscape scale both across the shire at Port Stephens, and in other coastal strongholds in NSW and south-east Queensland, give added weight to this conclusion (McAlpine et al. in press; Rhodes et al. 2005, in press ).
In all the modelled scenarios, reducing mortality had more impact than any other factor. Furthermore, because mortality was so high, even 100% fertility (maximum potential births per female) would not be able to arrest the decline. The sensitivity of population dynamics to adult mortality has also been shown for other long-lived species (e.g., Brooks et al. 1991; Goldingay and Possingham 1995; Wiegand et al. 1998) . This shows that reducing the mortality of Koalas will be fundamental for any management plan to improve the long-term viability of this population.
The model yielded an unexpected result regarding the effect of reduced fire. The surprise was that even a large reduction in major fires, when accompanied by increased small fire frequency, as one would expect in the application of hazard reduction burns, did not greatly diminish the probability of extinction or reduction in population size. The model used in this analysis does not incorporate spatial considerations, such as patterns of fire effects. Nor does it allow for complex temporal interactions, such as build-up of fuel load since previous fire events. This may be important. For example, Bradstock et al. (2005) showed that the rate and pattern of ignition of small irregular fires influenced the persistence of Malleefowl Leipoa ocellata populations. Also, McCarthy and Lindenmayer (1999) showed that, as patch area is increased for Greater Gliders Petauroides volans, the expected risk of extinction falls more rapidly when fires are spatially correlated than when they are uncorrelated. Despite such limitations, the model does point to the considerable changes in the fire regime that would be required to have a substantial effect on population survival. This identifies that factors other than fire are a more urgent management priority.
Immigration was shown to be essential for maintaining the Koala population on the Iluka Peninsula (Lunney et al. 2002) . Consequently, it was assumed that immigration could be important to the Port Stephens Koala population. A range of plausible immigration levels was modelled to determine how much immigration would be required to stabilize the population. We found that there was no plausible supplementation level to maintain current population levels. This gives us confidence in our basic assumption of no net migration and the outcome of a declining population. Furthermore, there are few remaining habitats in close proximity to the study population that could provide immigrants. This differs markedly from the population on the Iluka Peninsula, which could be regarded as a typical sink habitat (Pulliam 1988 ) from the neighbouring part of Bundjalung National Park beyond the Peninsula.
Ranking the management options needs to be measured against the practicality, or even the possibility, of achieving them. The 'no fire' options were shown here to illustrate the impact of fire, but the notion of removing fire altogether is impractical. Fires and dogs will have an ever-greater impact on Koala populations as the coastal forested landscape becomes more fragmented and isolated by continuing urban expansion and tourist development in Port Stephens. Control of dogs and the management of fire become increasingly important as Koala habitat continues to be lost and fragmented.
Overpopulation is a significant issue for Koalas in parts of Victoria and South Australia, such as Framlingham and Kangaroo Island respectively, resulting in overbrowsing and defoliation of food trees (e.g., ANZECC 1998, Masters et al. 2004 ). In our modelling, a rapid positive population growth was predicted with the total elimination of dogs and fire. Given that this problem has proved to be intractable in parts of Victoria and South Australia, we need to be alert to the problem developing in NSW. Any management actions, such as a dog-proof fence, that encloses the population to eliminate threats are not recommended. In the short term, the most urgent action needed is to reduce the number of koalas killed by dogs. Over the longterm, other impacts, such as habitat loss, habitat fragmentation and road deaths , also need to be addressed. Bushfires and roads were obvious causes of mortality in the shire (Callaghan et al.1994 ), but they have been shown by this study to mask a more important cause of mortality, namely dogs. We do note that dogs were identified by the community questionnaire (Lunney et al. 2001 ) as a major threat. Now, with the findings from the current study, the case could begin to be made that feral and roving dogs constitute a 'key threatening process' under the NSW Threatened Species Conservation Act 1995.
The current priority of Koala management in NSW is on habitat protection through state land-use planning policy, State Environmental Planning Policy No. 44 -Koala Habitat Protection (Lunney and Matthews 1997; Lunney et al. 2000; NPWS 2003) . However, actions already listed to address mortality in this Port Stephens population, such as from dogs and roads (Callaghan et al. 1994; Port Stephens Council 2002) , are now identified as essential. This study has demonstrated that dogs, in combination with the conspicuous threatening process of altered fire regimes, is causing a relentless decline in the Koala population in one of its remaining strongholds in coastal NSW. Further habitat loss and fragmentation will exacerbate Koala mortality caused by fire and roving dogs. The case for increased planning and management intervention, community support and innovative research is, in our view, powerful indeed.
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